The structural and elastic properties of NbN2 at high pressures were investigated through the first-principles calculation. Results indicate that NbN2 is a potential hard material. NbN2 meets mechanical stability criteria and possesses ductility within the pressure of 100 GPa. The elastic anisotropy under high pressure was achieved by the elastic anisotropy factors, which reduce with increasing pressure. Using the quasi-harmonic Debye model, we also investigated the thermodynamic properties of NbN2.
Introduction
The transition metal nitrides (TMNs) become more and more important in various industrial applications owing to their outstanding and unique physical properties, such as chemical and thermal stabilities, high hardness and strength, high melting point, good thermal and electronic conductivity, and superconductivity [1] [2] [3] . Some noble metal nitrides with orthorhombic marcasitetype structure (space group of P nnm, No. 58) such as PtN 2 [4, 5] , IrN 2 [5, 6] , OsN 2 [6] and PdN 2 [7] with moderate synthesis conditions and very large bulk modulus (close to 400 GPa) are expected to be alternative materials to traditional superhard materials that are of synthesis expensive [8] . Among these, IrN 2 is the least compressible compound, with the highest bulk modulus (428 GPa) [6] .
For Nb-N system, cubic δ-NbN superconducting phase possesses high bulk modulus (348 GPa) and Vickers hardness (20 GPa) closing to sapphire [9] . Jiang et al. [10] first proposed that U 2 S 3 type Nb 2 N 3 may be stable at wide pressures, and is a potential candidate for hard material. Recently, the phase diagram and mechanical properties of Nb-N system were analyzed by Zhao et al. [11] . They successfully predicted high pressure phases NbN 2 with orthorhombic structure (space group of Cmca, No. 64), which is thermodynamically stable up to 100 GPa, and meet mechanical and dynamical stability at ambient condition. The elastic constants, elastic modulus and density of states of NbN 2 have already been studied at ambient pressure. So far, however, the elastic constants, elastic anisotropy and especially thermodynamic properties of NbN 2 at high pressure have not been investigated, which is significant for their synthesis and practical appli- * corresponding author; e-mail: lkworld@126.com cations [12] . Based on the above reasons, in this article, we focus on the detailed investigation on these fundamental properties of NbN 2 at various pressures and temperatures, including elastic constants, elastic anisotropy, and thermodynamic properties. We expect that our calculations can have guidable significances to accelerate the synthesis of NbN 2 .
Computational method
In this paper, all first-principles calculations were performed with the CASTEP code [13] . Non-local ultrasoft pseudopotential (USPP) introduced by Vanderbilt [14] or norm-conserving pseudopotential (NCPP) presented by Hamann et al. [15] were employed for all ion-electron interactions. The Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) [16] and the local density approximation (LDA) proposed by Vosko et al. [17] were used to describe the exchange and correlation potentials. Pseudo-atomic calculations are performed for Nb: 4s 2 4p 6 4d 4 5s 1 and N: 2s 2 2p 3 . The plane-wave basis set with energy cut-off of 550 eV, and 2×6×6 MonkhorstPack grid for Brillouin zone sampling is used throughout. The structural optimizations were conducted using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization [18] . We found successfully the lowest energy structure, and the threshold of 5.0 × 10 −6 eV/atom is used to determine whether the self-consistent progress has been converged.
Single crystal elastic constants were calculated via a strain-stress approach, i.e., by applying a small strain to the equilibrium lattice of orthorhombic unit cell and fitting the dependence of the resulting change in stress on the strain [12] . The elastic constants of c-W 3 N 4 [19] , TaN [20] and RuN 2 [21] were successfully obtained by using this method. This method is made as follows by a brief description.
In the elastic range, the orthorhombic crystal owns nine independent elastic coefficients C 11 , C 22 , C 33 , C 44 , (1363) C 55 , C 66 , C 12 , C 13 , C 23 because of the symmetry of the crystal. Elastic modulus values and the Poisson ratio can be obtained directly within these elastic constants based on the Voigt-Reuss-Hill method (VRH) [22] , in which the Voigt and Reuss approximation is the theoretical maximum and minimum values. For the orthorhombic structure of NbN 2 , the formulae as follows [23] :
(2) The Hill approximation represents the arithmetic mean values of the Voigt and Reuss approximation. The formulae are as follows [22] :
Once B and G are determined, the Young modulus E and the Poisson ratio v by the following formulae:
To investigate the thermodynamic properties, we here apply the quasi-harmonic Debye model [24] . In this model, the non-equilibrium Gibbs function G * (V ; P, T ) is as the following form:
in which E(V ) is the total energy per unit cell for NbN 2 ; Θ D (V ) is the Debye temperature; vibrational Helmholtz free energy A vib can be written as [25] [26] [27] :
where D(Θ D /T ) represents the Debye integral, n is the number of atoms per formula unit and k B is Boltzmann constant. Then the non-equilibrium Gibbs function G * (V ; P, T ), as a function of (V ; P, T ), can be minimized with respect to volume V :
We could obtain the thermal equation of state (EOS) by solving Eq. (9) . Thus the isothermal bulk modulus B T , the heat capacity C V and the thermal expansion coefficient α are given by [28] :
where γ is the Grüneisen parameter.
3. Results and discussion 3.1. Equilibrium structure and elastic properties Equilibrium lattice parameters, equilibrium volume and N-N bond length calculated by USPP GGA-PBE, GGA-PW91, LDA-CAPZ, NCPP GGA-PBE, together with the other calculated results of NbN 2 , RuN 2 , IrN 2 and Nb 2 N 3 for comparison are listed in Table I . By USPP GGA-PBE the calculated lattice parameters a (12.333 Å), b (4.202 Å), c (4.120 Å) and equilibrium volume V (27.208 Å 3 ) for NbN 2 are in accordance with the theoretical data [11] , and the differences between them are within about 1.31%, 0.51%, 0.52% and 2.32% for a, b, c axes and volume V , respectively. Good agreement between our computation results and other theoretical data provides a good support to investigate the elastic, anisotropy, and thermodynamic properties of NbN 2 under high pressures.
TABLE I
The calculated equilibrium lattice parameters a, b, c The LDA method to some extent overestimates the elastic constants [30] . It can be seen from the table that the LDA-calculated elastic coefficients are significantly larger than the other theoretical value. Correspondingly, the shear modulus G is also distinct greater than the other theoretical value. On the other hand, the results of GGA-PBE and GGA-PW91 are in good agreement with the values in Ref. [11] . As is known to all, the requirement of mechanical stability in an orthorhombic crystal leads to the following restrictions on the elastic constants [21] :
[
The elastic constants C ij of NbN 2 as a function of pressure are plotted in Fig. 1 . In the range of less than 100 GPa, all elastic coefficients C ij are in line with the stability criteria, which indicates that NbN 2 is mechanically stable under high pressure. Then all elastic coefficients increase linearly with the increase of pressure. Moreover, C 11 , C 22 , C 33 reflect the bond strength in the 001 , 010 , 100 direction. In Fig. 1 , the elastic constants C 11 , C 22 , C 33 are distinctly larger than others and tend to be almost equal at high pressure.
Furthermore, it is also found that elastic constants of NbN 2 are almost comparable with them of RuN 2 , IrN 2 and Nb 2 N 3 i.e., elastic properties of NbN 2 is comparable to other potential (super)hard materials, which indicate that NbN 2 is a potential incompressible and hard material. In general, the shear modulus is a better indicator of hardness in the design of novel hard/superhard materials because it ultimately measures the plastic deformation under indentations [31, 32] . B/G and the Poisson ratio ν, listed in Table II are used to judge ductility of materials. According to the Pugh criterion [36] if B/G > 1.75, the material behaves in a ductile manner otherwise, the material behaves in a brittle manner. It can be clearly seen in Table II that the NbN 2 is strongly prone to ductile under high pressure, which is consistent with the result judged by the Poisson ratio ν that can be judgment of ductility and brittleness, for a brittle material ν < 0.26, while for a ductile material ν > 0.26 [37] .
As a fundamental parameter of a solid, the Debye temperature Θ D correlates with many physical properties of solid materials, such as vibrational internal energy and elastic constants. The Θ D can be calculated from elastic constants by the following formula [38] :
which gives explicit information about the lattice vibrations [39] . The calculated shear wave velocity, longitudinal wave velocity, average sound velocity and the Debye temperature of NbN 2 compounds at zero, high pressure and zero temperature are presented in Table III , presenting a trend of increase with pressure. The calculated Debye temperature of NbN 2 at 0 K and 0 GPa is 715 GPa, which is larger than that of Nb 2 N 3 (666 K) [10] . 
Elastic anisotropy
Elastic anisotropy analysis is of great significance in understanding the mechanisms of materials microcracks, phase transformations, elastic instability and durability [40] . Hence, a proper description of such an anisotropic behavior is important in engineering science as well as in crystal physics. The universal elastic anisotropy index A U , the shear anisotropy factors (A G , A 1 , A 2 , A 3 ) and the bulk modulus anisotropy factors A B ,  B a , B b and B c are appropriate measures to quantify the extent of anisotropy [41] .
Firstly, the universal elastic anisotropy index A U , which can provide theoretical basis for the degree of anisotropy, is defined by Ranganathan and OstojaStarzewski from the bulk modulus B and shear modulus G by Voight and Reuss approaches [41] , as
Secondly, the percent shear and compressibility modulus factors in polycrystalline materials which can be defined as [42] :
In addition, for orthorhombic crystals, the shear anisotropic factor for the 100 shear planes between the 011 and 010 directions is [41] :
for the 010 shear planes between 101 and 001 directions is
for the 001 shear planes between 110 and 010 directions is
Meanwhile, the directional bulk modulus along different crystallographic axis can be defined as [42] : B i = i( dP/ di) (i = a, b, and c).
(21) The anisotropy of the bulk modulus along the a-axis and c-axis with respect to b-axis can be defined by:
Based on the formulae mentioned above, the calculated values of A U , A G , and A B are plotted in Fig. 2 . For these three expressions, a value of zero represents elastic isotropy and a value of 1 (100%) is largest possible anisotropy. At 0 GPa, A U = 2.852, it indicates that NbN 2 is anisotropic materials. In general, A U , A G and A B decreases with increase of pressure and that is to say extent of anisotropy of NbN 2 will be decreased with increase of pressure. A B is almost equal to 0 at high pressure which suggests NbN 2 is slightly isotropic in compressibility. Namely, bulk modulus anisotropy is evidently smaller than that of shear modulus anisotropy.
The values of A 1 , A 2 , A 3 and A Ba , A Bc equal to 1.0 mean that the crystal is isotropic and the degree of the elastic anisotropy can be reflected by the deviation from one. Then these parameters are plotted as a function of pressure in Fig. 3a . When pressure is increased from 0 to 100 GPa, the shear anisotropy factors A 1 decrease by 17.2% and A 2 , A 3 increase by 70.3% and 59.5%, respectively. This change is mainly caused by the change of the elastic constants, especially for A 1 the C 44 only increases by 17.2%, but for A 2 the C 55 and A 3 the C 66 increase by 284% and 197%, respectively. The anisotropy of the linear bulk modulus A Bb and A Bc increases by 13.3% and 3.9%, respectively. Meanwhile, in Fig. 3b , it is interesting to note that the directional bulk modulus B b along the b axis is largest when compared to the B a and B c at 0 GPa, and B c is close to B b along with pressure increase.
To characterize the degree of anisotropy of the Young modulus, drawing a three-dimensional (3D) graph for NbN 2 compounds is necessary. The three-dimensional formulas for the Young modulus E in the orthorhombic system [42] are expressed as follows: 
where s ij is the usual elastic compliance constants and l i is the direction cosines in any arbitrary direction. The 3D graph of the Young modulus at three pressures is shown in Fig. 4 . From Fig. 4 , the Young modulus anisotropy of NbN 2 is described in detail and the degree of anisotropy will decrease when pressure increases. At 50, 100 GPa, the values of the Young modulus in 100 , 010 , and 001 direction is almost equal and greater than that of other direction. Because a larger Young modulus often stands for more covalent feature of a material [43, 44] , the facts indicate that the strength of chemical bonds in 100 , 010 and 001 direction is stronger than other directions at high pressure, which is consistent with the results of analysis of elastic constants. Furthermore, the direction dependence of E in (001) plane and in (110) plane at 0, 50, and 100 GPa also are shown in Fig. 5. 
Thermodynamic properties
We calculated energy-volume points at 0 K and 0 GPa by compressive and tensile lattice constants under the same proportion. Then, thermodynamic quantities of NbN 2 at different temperatures (0, 500, 1000, 1500, 2000, and 2500 K) and pressures were obtained through the quasi-harmonic Debye model.
As one of the most important thermodynamic parameters, the special heat capacity C V of a substance not only provides essential information about its vibrational properties but also is fundamental to many applications [45] . The heat capacity C V of NbN 2 at different temperatures and pressure are presented in Fig. 6 . It shows the heat capacity C V increases with the increase of temperature, while decreases as pressure increases. At low temperature (≈ 500 K), the heat capacity C V is dependent on both temperature and pressure, which is owing to the anharmonic approximations of the Debye model [24] . At high temperatures, C V of all solid will nearly approach to the Dulong-Petit limit 3nN A k B (n represents the numbers of atoms in the molecule). As temperature increases, the heat capacity C V is close to the Dulong-Petit limit 3nN A k B (≈ 299.32 J mol −1 K −1 ), where n = 12 for NbN 2 in unit cell. Thermal expansion coefficient α as functions of pressure (temperature) are shown in Fig. 7 . In Fig. 7a , it is noted that the α increases quickly with temperature at low pressure and temperatures and the trend of increase will become slow at high temperatures. Specifically, temperature increases from 0 to 600 K at 20 GPa, α increases from 0 to 2.14 × 10 −5 K −1 . But α only increases 0.78 × 10 −5 K −1 when temperature rises from 600 K to 2500 K. It is clearly seen that the curves at high temperature is very close in Fig. 7b . Additionally, the Debye temperature Θ D , entropy S and Grüneisen parameter γ of NbN 2 along with the change of pressure and temperature were also calculated, which were listed in Table IV . It is obvious that Θ D rises with the increase of pressure and reduces with increase of temperature conversely. Meanwhile, pressure has a more evident influence on Θ D than temperature. 
Conclusions
The elastic, anisotropy, and thermodynamic properties of the NbN 2 at high pressure were investigated and evaluated by the first-principles calculations. The obtained data of the ground state structural properties are in excellent agreement with reliable theoretical results. The calculated elastic properties and intrinsic hardness for NbN 2 show that it is almost competitive with hard materials RuN 2 , IrN 2 , and Nb 2 N 3 , which indicate that NbN 2 is a potential hard material. According to the Born stability criteria and the Pugh criterion, NbN 2 is mechanically stable and a ductile material at 0-100 GPa, respectively. NbN 2 possesses distinct elastic anisotropy and the degree of anisotropy will reduce with increasing pressure. Through the quasi-harmonic Debye model, special heat capacity C V and thermal expansion α as functions of pressure and temperature, dependences of Debye temperature Θ D entropy S and Grüneisen parameter γ on pressure and temperature have also been analyzed.
